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Abstract 
Biological treatment processes are ‘‘complex systems’’ where many different kinds of 
microbes grow and interact in a dynamic manner. Understanding the relationship between 
microbial diversity and bioreactor performance could facilitate the optimisation of bioreactor 
design and enable aid the solution of bioreactor-related problems. However, systematic 
studies of the effects of operating variables on microbial diversity and reactor performance 
are rare. In this study, we determined the effects of different operating conditions and system 
configurations on the performance of laboratory-scale activated sludge reactors and microbial 
diversity, based on experiments designed using the factorial design approach. We found that 
the overall system performance and the diversity of the microbial communities in the reactors 
were affected by changes in the operating parameters. However, the relationship between 
diversity and performance was sometimes counterintuitive, as increases in system 
performance were not always associated with increased community diversityReactor 
configuration and addition of soil had the biggest effects on reactor performance, while the 
effects of organic loading rates and feed composition were less marked.  Of all these 
parameters, reactor configuration was the only one that had a consistent effect on reactor 
community diversity. 
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Flow Reactor, Microbial diversity, Denaturing Gradient Gel Electrophoresis (DGGE) 
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1. Introduction 
There are various types of biological wastewater treatment reactors treating both domestic 
and industrial wastewater and activated sludge is one of the most widely used suspended 
growth treatment processes. However, we only have a modest understanding of how activated 
sludge systems work and a limited ability to predict their performance or the causes of 
malfunction. These failures are, at least in part, caused by a lack of understanding of the 
composition of the microbial communities in those systems (Dabert et al., 2001). Although 
conventional activated sludge reactors have been successful in treating many kinds of 
wastewater, this system is typically subject to sludge settlement problems such as bulking and 
foaming caused by filamentous organisms (Martins et al., 2004; Cassidy et al., 2000), and 
overloading of wastewater due to the fluctuations of wastewater, toxic and inhibitory 
substances (Pave, 2006). However, most biological reactors are designed without having any 
information about the structure and the diversity of the microbial communities likely to be 
present (Girvan et al., 2005). Although it is common knowledge that the activated sludge 
process relies on the mixing of microorganisms and wastewater under aerobic conditions 
(Arden and Lockett, 1914), we have had no way to measure, define or exploit the best 
microbial community with the best performance. Improved understanding of the relationship 
between the microbial communities in biological reactors and treatment performance could 
potentially aid in the improvement of the monitoring and control of biological treatment 
systems. 
 
There have been a number of studies investigating the relationship between community 
diversity and system stability. It is believed (but not proven) that diverse communities 
promote ecosystem stability, productivity and sustainability (Girvan et al., 2005). Although 
knowing the identity of the microorganisms that rule the success and failure of bioreactors 
may not be necessary for some engineers, an understanding of the microbial community 
diversity and its functions along with the parameters affecting the growth and biochemical 
activities of the organisms present can be very useful (Sanz and Kochling, 2006). This is 
perhaps a key to the success in achieving better reactor design, operation and control. There 
is some evidence to suggest that microbial diversity may be connected with the performance 
of biological reactors (Akarsubasi et al., 2005; Rowan et al., 2003; Siripong and Rittmann, 
2007). However, no systematic and controlled studies of the relationship between the 
microbial diversity and the performance of bioreactors have yet been conducted. Microbial 
community diversity is thought to be intimately related to ecological function (Purvis and 
Hector, 2000; Briones and Raskin, 2003) and the assembly and therefore structure of reactor 
microbial communities are likely to be affected by reactor design, and environmental and 
operating conditions (Curtis and Craine, 1998). Therefore, the structure and diversity of the 
microbial communities in the reactors should be related to the functionality of those 
communities and to the performance of the reactors. However, this relationship still needs to 
be tested in an engineering context. Much of what is known about the relationship between 
community diversity and function has been derived from the study of animal and plant 
communities and microbial diversity is seldom considered. Therefore, it is hardly surprising 
that we cannot always understand and predict the performance of biological reactors.  
 
Microbial communities in activated sludge systems are likely to be affected by factors such as 
the influent characteristics, the environmental conditions and system design and operation. In 
this study, we tested four sets of factors that we thought would have a visible effect on the 
structure of the microbial communities in the reactors: types of feeding regime 
(batch/continuous), types of carbon source (glucose/complex), organic loading rates 
(low/high) and addition of exogeneous bacteria from soil. We designed the experiments 
according to the half factorial experimental design, in order to produce statistically valid data 
that enabled us to explore the relationship between system operation, performance and 
diversity of reactor communities and to explain the interaction between the selected 
experimental parameters.  
 
Material and Methods 
1.1 Experimental design 
Multivariate analysis has become an important tool for obtaining valuable and statistically 
significant comparison of the effect of independent variables on performance of bioreactors. 
The variables considered for this study were:  types of feed (glucose and complex), types of 
feeding regime (SBR and CSTR), organic loading rate (low and high) and the addition of 
exogenous bacteria (by addition of soil and no addition of soil). A two level fractional 
factorial design was proposed and the experiments (a total of 8 runs) are outlined in Table 1. 
This factorial analysis allows us to determine the joint effects of these four independent 
parameters on the responses presented as the strength of the effects, coefficients, standard 
deviation of coefficients and the probability (P value of 95% confidence). The higher the 
absolute effect value is, the greater the effect on the response becomes.  The responses in this 
study were expressed as the percent carbon removal and nitrification, whilst the microbial 
diversity was initiatively measured as the number of bands on DGGE gels. The data obtained 
was analysed using Minitab (version 14, Minitab Inc., USA) based on analysis of variance 
(ANOVA). 
 
2.2. Reactor operation 
Two laboratory-scale SBR and two CSTR reactors were constructed each with a working  
volume of 17 L. (Fig. 1). The operating conditions for both reactors are listed in Table 2. The 
reactors were started up with the same amount of the fresh sludge obtained from the 
municipal wastewater treatment plant where designed to achieve both carbon and nitrogen 
removal (Tudhoe Mill WWTP, Spennymore, Durham,UK.). A solid retention time of 10 days 
was maintained for all reactors. Dissolved oxygen concentrations were continuously 
maintained to ensure the minimum dissolved oxygen concentration was not less than 2 mg/l 
and pH was controlled between 7 and 8 during the entire operation period. Synthetic sewage 
was selected for this study because it is easy to maintain the same characteristic of 
wastewater. Reactors were fed with one of two different types of synthetic carbon source 
(single carbon source/complex carbon source) given in Table 3 according to the factorial 
design described above. The 10-fold concentrated stock of the synthetic sewage was prepared 
and stored immediately in the dark at 4ºC for not longer than one week. Before use, the stock 
solution was diluted 10 times with tap water, to yield an average strength synthetic sewage ( 
600 mg COD/l)  and a high strength domestic wastewater ( 1,200 mg COD/l) (Metcalf & 
Eddy, 2003). The reactors were run for a time period of at least three sludge ages. 
 
2.3 Sampling, Physical and Chemical analysis 
The influent and effluent were collected every three days from the start up period until 
reaching the steady state for physical and chemical analysis. The samples were taken from 
the SBRs’ reactors at the withdraw phase of cycle, whereas the final effluents were collected 
for the CSTRs’. Physical and chemical tests ( i.e. pH, temperature, Alkalinity, COD, TOC, 
TKN, NO2
-
, NO3
-
, PO4
3-
,  MLSS, MLVSS, SV30, SVI and Capillary Suction Time (CST)) 
were conducted according to Standard Methods (APHA, 1998). A biomass sample was taken 
from the aeration tank of each reactor weekly, preserved immediately in 50% ethanol and 
stored at -20
o
C prior to the molecular analysis. Changes in the microbial community were 
followed through denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S 
rRNA gene segments from the bacterial community. 
 
2.6. Soil Preparation 
Soils used in this study were collected from the Rivington series at the University of 
Newcastle’s Cockle Park Farm (Northumberland, UK). Ten kilograms of soils were taken 
from the surface soil (0-15 cm). Prior to experimentation, soil samples were stored at 4
o
C for 
no longer than 4 weeks. Soil dispersion technique was modified from (Hopkins et al., 1991). 
To separate indigenous bacteria from soil, plant roots were removed and soils (100 g per 
reactor) were suspended in 250 ml of sterile distilled water with  sodium cholate (0.1% 
(w/v)). In a preliminary study (data not shown) this electrolyte provided the highest number 
of cells (28 bands). The soil suspension was shaken for 15 min with glass ball (35 x 45 mm., 
BHD Chemical Ltd., England) before being placed into an ultrasonicator for 1 min. The 
solution was sieved and the dislodged cells were separated from soil particles by centrifuged 
at 500 x g for 1 min. 150 ml of Bacterial suspensions were added into each reactor every day.  
 
2.6.  Microbial Diversity analysis as determined by denaturing gradient gel electrophoresis 
2.6.1. Nucleic acid Extraction 
DNA was extracted from biomass after being fixed with 50% (v/v) ethanol using a 
commercial FastDNAÒ SPIN for soil kit (Q-Bio gene, Cambridge, UK). 
 
2.6.2. Polymerase Chain Reaction (PCR)  
The extracted DNA was used as the template for PCR amplification. Each sample contained 
1 µl of extracted DNA and 49 µl of master mix (1 µl of 0.01 mM stock forward primer 
(Thermo electron, Germany), 1 µl of 0.01 mM stock reverse primer (Thermo electron, 
Germany), 1 µl of 10 mM stock dNTPs (dATP,dGTP,dTTP,dCTP) ( Bioline Lab Ltd., 
London, UK), 1.5 µl of  50 mM MgCl2 ( Bioline Lab Ltd., London, UK) , 5.0 µl PCR buffer 
(10 x ammonium) ( Bioline Lab Ltd., London, UK), 0.2 µl Taq DNA Polymerase ( 5u/ µl, 
Bioline Lab Ltd., London, UK), 39.3 µl of Molecular grade water (nuclease-free water; 
Eppendorf AG, Hamburg, Germany)). The total eubacterial population was analysed using 
PCR amplification with primers Vr and Vf (Table 4) and the betaproteobacterial AOB 
community was analysed using AOB specific primers; CTO654r and CTO189f (Table 2.4). 
However, it should be remembered that primers CTO will detect things other than AOB 
(Cebron et al., 2004 and Nicolaisen and Ramsing, 2002). The 16S rRNA gene fragments 
were amplified in a PCR reaction mixture using a thermo Hybrid PX2 Thermal cycles. Once 
the PCR was completed, the templates were stored at -20
o
C.  
 
2.6.3. Denaturing Gradient Gel Electrophoresis (DGGE)  
PCR products were loaded onto 10% (wt/vol) polyacrylamide gels prepared in 1xTAE buffer 
(40 mM Tris-acetate, 1 mM EDTA, pH 8.3, Eppendorf Scientific Inc., New York, USA) with 
a denaturing gradient ranging from 30% to 55% ( 100% denaturant is 7 M urea and 40% 
(vol/vol) formamide). Polymerization was enhanced with N, N, N’, N’-
Tetramethylethylenediamine (TEMED) (Sigma-Aldrich, UK) (0.1 % vol/vol) and 
Ammonium Persulfate (0.1 % (vol /vol)). Wells were loaded with 11 µl of PCR products and 
11 µl of loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol ff, 30% glycerol in 
water). At the beginning, the middle and the end of well were loaded with 11 µl of a marker 
(series of clones selected from the activated sludge samples made by the technician) and 11 
µl of a loading buffer.  DGGE was performed with the D-Gene system (Biorad, Hemel 
Hempstead, UK) running at a constant voltage of 200 V for 900 volt hours and a temperature 
of 60
o
C. The electrophoresis was run for approximately 4 hours. After electrophoresis, the 
gels were stained for 30 minutes in 1xTAE containing SYBR green I (Sigma, Poole, UK; 
diluted 1/10000 in 1x TAE). DGGE bands were visualized under an UV transilluminator with 
the program Quantity One (Bio-Rad) and DGGE banding patterns were analyzed using the 
Bionumerics software (Applied Mathermatics).  
 
2.6.4. Statistical analysis of the DGGE gel 
To be able to perform such analyses on the each gel, the DGGE gel was normalized 
according to the reference marker patterns. The banding pattern was converted as a binary 
matrix corresponding to the presence/absence of each band, further defined as species, and 
subsequently used for the statistical analysis. The similarities of a binary banding matrix were 
analyzed using Raup and Crick similarity index (Raup and Crick, 1979). This similarity index 
uses presence and absence data to test the similarity between two data sets against the null 
hypothesis and was calculated by PAST statistical software (Hammer and Harper, 2001). 
This index has statistical meaning, unlike most other diversity indices. Consequently, it is 
applicable to be DGGE banding patterns for example as applied by Rowan et al. (2003) and 
makes no assumption about relative abundance.  
 
3. Results and Discussion 
3.1 Effects of operating conditions on system performance 
The overall effect of four factors affecting the reactor performance are plotted in Fig. 2 and 3. 
The supplementation with exogenous bacteria from soil improved the overall performance in 
terms of carbon removal and nitrification, whereas the SBRs’ had the greatest effect on 
nitrogen removal (both NH3 and TKN) (Fig.2). The result in Fig.3 shows that the 
concentrations of MLSS and MLVSS clearly increased along with the SBR format, an 
increase in OLR and soil addition (P=0.00). Data presented in Table 5 for the food-to-
microorganism (F/M) ratio was in the range of 0.31-1.05 d
-1
 at different factorial runs. At low 
F/M ratios, the COD removal was enhanced.  
 
ADDITION OF SOIL 
A significant enhancement (P≤ 0.05) in the overall system performance (i.e. carbon removal 
and nitrification improved) was observed after the addition of exogenous bacteria from soil 
(Fig. 2). This is reinforced by earlier work (Da-Silva and Alvarez, 2004), where it was found 
that the addition of bacteria from soil to the system increased the number of microbes in the 
community and enhanced system performance. One possible explanation for the 
enhancement of the performance of the reactors is that soil has a wide variety of bacteria (1 g. 
of soil contains 4x10
3
-10
4
 different bacterial genome) (Bothe et al., 2000). However, this 
improvement in performance was associated with a small drop in diversity (Fig. 4), implying 
that either these putative good bacteria are undetectable or some non bacterial causes  
 
TYPE OF FEEDING REGIME 
The type of feeding regime significantly affected both carbon removal and nitrification (P = 
0.002 and 0.001, respectively). Higher levels of nitrification and carbon removal were 
detected in the SBR’s than in the CSTR’s (Fig. 2). The better pollutant removal efficiencies 
of the SBR’s, when compared with the CSTR’s, could be related to the increased hydraulic 
efficiency occurring in these reactors, which is theoretically analogous to a plug flow reactor. 
The SBR system is thought to select for the floc-forming rather than filamentous bacteria 
(Cassidy et al., 2000; Dockhorn et al., 2001; Irvine et al., 1996), resulting in better sludge 
settlement and improved carbon removal and, by virtue of better solids retention, nitrification 
relative to the CSTR’s. The time required to reach steady state was found to be shorter in the 
SBR’s than the CSTR’s, which is in agreement with earlier work by Cassidy et al. (2000).  
OLR 
As expected, the reactors operated at the low OLR performed better with respect to carbon 
removal and nitrification than the ones operated at the high OLR. This is consistent with 
conventional engineering experience.. The diversities of the AOB communities in the 
reactors operated at the low OLR were higher than the ones in the reactors operated at the 
high OLR (P =0.008) (Fig. 3(b)) while the total bacterial diversity was higher in the reactors 
operated at the high OLR (P≤ 0.05), despite their lower pollutant removal efficiencies (Fig. 
4(a)). Higher microbial community diversities are thought to be associated with increased 
levels of pollutant removal. However, the results from our study suggest otherwise, since the 
reactors operated at the low OLR had higher pollutant removal. This could have been because 
this diversity related effect was counteracted by the release of soluble microbial products 
from the elevated mixed MLSS at higher absolute pollutant concentrations present in the feed 
of the reactors operated at high OLR, resulting in generally lower pollutant removal 
efficiencies in these reactors.  
 
FEED COMPOSITION 
Feeding the reactors with different carbon sources had a significant effect on the system 
performances (P≤ 0.05). Higher TOC removal (P=0.000) (Fig. 2) and microbial community 
diversities (P=0.005) were observed in the systems fed with glucose (Fig. 4(a,b)). However, 
better ammonia removal was achieved in the reactors fed with complex carbon sources, 
where lower numbers of “AOB” bands were observed (Fig. 2). The higher TOC removal 
efficiencies in the reactors fed with glucose could be related to the fact that glucose is readily 
used as a source of carbon and energy by a wider range of microorganisms than the carbon 
sources added to the complex feed (as suggested by the higher number of DGGE bands 
present in the glucose-fed reactors). However, we cannot provide an explanation for the 
observed increase in ammonia removal (P =0.007) in the reactors fed with the synthetic 
wastewater containing complex carbon sources, despite the observed decrease in bacterial 
and “AOB” diversity.  
 
3.2 Effect of operating conditions on microbial diversity 
The previous section shows evidence that reactor performance can be systematically 
manipulated by changing operating conditions and reactors formats. However, it is still 
debatable whether operating conditions can have an influence on microbial diversity or not. 
The microbial diversity in this study was estimated by counting the number of bands on 
DGGE gels, where each band was considered to correspond to a different taxon. This is one 
of the simplest ways to describe community diversity, although not the most accurate 
(Magurran, 1988; Curtis et al., 2006). Samples from more diverse microbial communities are 
expected to produce more DGGE bands. According to the factorial analysis (data not shown), 
the diversity of the bacterial communities was significantly affected by all four factors tested 
(p≤ 0.05) and the diversity of the AOB communities was affected by all factors, except for 
addition/no addition of soil (p = 0.705; Figure 4(b)). The type of feeding regime had the 
biggest effect on the diversities of the total bacterial and AOB communities, with the SBR 
format causing the most dramatic increase in community diversity (Fig. 4(a,b)).  
 
FEEDING REGIME 
Different changes in the number of bands or banding patterns inferred as bacterial 
communities between the SBR and CSTR format were observed. The bacterial and AOB 
communities in the SBR’s were more diverse than the ones in the CSTR’s. This is probably 
because, in the SBR’s, there were higher initial substrate concentrations and bigger temporal 
fluctuations in substrate concentrations than in the CSTR’s. This could potentially allow for 
organisms with different growth kinetics to be transiently competitive in the SBR’s, therefore 
causing an increase in the diversity of the bacterial and AOB communities in those reactors 
(Irvine et al., 1996;Yuan and Blackall, 2002) 
 
OLR 
According to our results, the bacterial diversity can also be manipulated by changing the 
organic loading rate (OLR). Operation at high OLR resulted in an increase in the number of 
DGGE bands for the bacterial communities and in a decrease in the number of DGGE bands 
for the AOB communities (Fig. 4(a, b)). A possible explanation for the increase in bacterial 
diversity with increasing OLR is that the reactors operated at the high OLR could have had 
more substrate, promoting the existence of more taxa to use the different resources. Our 
results are consistent with those of   Zhou et al. (2002), who reported that the soil microbial 
communities in high carbon sites (i.e. equivalent to high organic loading rates) had a 
relatively high number of operational taxonomic units (OTU). The observed decrease in AOB 
diversity in the reactors operated at the high OLR could be related to oxygen being present at 
limiting concentrations at the centre of the floc, causing competition for this resource, where 
the heterotrophs would win over the AOB. At the high OLR, the greater substrate 
concentrations present in the system are likely to result in higher oxygen consumption rates 
creating more assimilation of cell by the heterotrophs (Hanaki et al., 1990). Moreover, the 
assimilation of ammonia does not only contribute to ammonia removal, but it also decreases 
the amount of ammonia available for the ammonia oxidizers and the efficiency of ammonia 
oxidation. This supports by our results that lower TKN and ammonia removal efficiencies 
(P≤0.05) were observed in the reactors operated at the high OLR, suggesting that there was 
inhibition reduction in ammonia oxidation (Fig. 2). This may explain the lower numbers of 
AOB bands in the samples from the reactors operated at the high OLR, compared to the 
samples from the reactors operated at the low OLR.  It appears that low organic loading rates 
promote an increase in the diversity of autotrophic aerobic bacteria, such as nitrifiers. 
 
FEED COMPOSITION 
The nature of the substrate is particularly important for bacteria in a wastewater treatment 
plant. The substrates chosen in this work represented a range of different types of chemical 
groups: amino acids, long-chain carbohydrates (starch), short-chain carbohydrates (glucose, 
fructose etc.). We found that bacterial diversity was affected by the types of carbon supplied 
to the reactors (glucose and complex carbon source). Contrary to our beliefs, the diversity of 
the microbial communities was lower in the reactors fed with complex carbon (Fig. 4 (a,b)). 
These findings do not agree with Tilman’s (2004) work and our own intuition, that suggest 
that increasing the types of resources available should cause an increase in the number of 
species in the system, because different types of substrates support the growth of different 
bacteria. A more nuanced explanation might be found by analogy with neutral community 
models (Hubbell 2001, Curtis et al., 2006. Each resource might be used by a distinct source 
community of taxa. The number of taxa using each resource becomes a function of the size of 
the source community and the amount of local resource. Thus if the source community for 
glucose was higher than for other sugars a reactor with only glucose in the feed could have 
more diversity than a reactor with a range of sugars that mostly had a lower diversity source 
community.  
 
SOIL ADDITION 
The addition of bacteria from soil into the experimental reactors is similar to 
‘bioaugmentation’, but without the selection and enrichment of specific organisms. 
Bioaugmentation involves the introduction of indigenous, exogenous or genetically modified 
organisms into polluted sites or treatment reactors to improve the removal of pollutants 
(Fantroussi and Agathos, 2005; Park et al., 2007). An increase in bacterial diversity was 
anticipated, as it is generally accepted that soil bacterial communities are more diverse than 
most other environments (Dubey et al., 2006; Torsvik and Øvreas, 2002). In fact, in our 
study, the soil samples had a significantly higher numbers of DGGE bands than the samples 
from the reactors used in this study (with the range between 28 to 30 bands based on DGGE 
analysis). Unexpectedly, we found that the community diversities in the reactors to which soil 
was added were lower than the diversities of the communities in the reactors where no soil 
was added. The apparent loss of diversity could be due to a decrease in the activity and 
growth of the majority of the soil bacteria after they were transferred to the bioreactors, due 
to the dramatic change in environmental conditions when going from soil to wastewater (Liu 
et al., 2007). Alternatively, the electrolyte saline solution (sodium cholate) used for the soil 
preparation may have cause the drop in diversity by killing or inhibiting some species of 
bacteria, although it was diluted (0.1% w/v) compared to previous studies (Hopkins et al., 
1991). However, the relationship between number of DGGE bands and community diversity 
is not always straightforward. It is possible that a community with high numbers of taxa 
could have many taxa present at concentrations below the detection limit of the DGGE and 
only a few present at concentrations above the detection limit, which would result in a 
decrease in the number of DGGE bands detected, despite the increase in community diversity 
(Boon et al., 2002). This could have been the case in this study. 
 
Changes in microbial community diversity can also be inferred from the observed shift in 
band intensities which could reflect a change in the relative species dominance of the 
associated community with a change of conditions, although DGGE is not really a truly 
quantitative technique. There are, in our opinion, no methods that can quantify a wide range 
of taxa simultaneously. We hope that such a method might arise from the new generation of 
high throughput sequencing technology. 
Figures 5 and 6 provide DGGE profiles of both bacterial and “AOB” 16S rRNA gene 
fragments from all experimental runs. The visual comparison of the DGGE profiles of the 
bacterial and the AOB communities revealed a shift in the relative taxa abundances in the 
microbial populations under different operating conditions (Fig. 5 and 6).   
 
The influence of operating conditions and reactor format on the community diversity is 
evidenced by the changes in banding patterns, where some new bands appeared and some 
bands found in the original seed (i.e. the activated sludge from the Spennymoor STP) 
disappeared (e.g bands marked as A to F, Fig. 5). The new bands could correspond to new 
migrants into the system or to taxa that were originally present in the seed in small 
concentrations and that became more abundant in the reactor environment, due to more 
favourable conditions. Visual analysis of the DGGE gels showed that some bands were 
common to all reactors, while others appeared to be only found in the SBR or the CSTR. As 
expected, the banding patterns and numbers of bands present in the SBR and the CSTR 
differed (Fig. 5). Nevertheless, both types of reactors appeared to share some common 
predominant species (marked as B and C, Fig. 5). For the AOB populations, some bands that 
were found in the sludge from Spennymoor STP (Lanes 24-25) and in the soil (Lanes 22-23) 
were detected in samples from the beginning through to the end of each experiment (marked 
as A, B and C, Fig. 6). However, new AOB bands were detected in the samples from the 
reactors that were not previously found in the samples from the seed and the soil (marked as 
D, E and F, Fig. 6). 
 
The bacterial communities found in samples from the SBR operated under different 
conditions seemed to be more similar than those from the CSTR operated at different 
operating conditions (Fig. 5). Additionally, the banding patterns of samples from both SBR 
and CSTR after adding bacteria from soil (lanes 9 to 16, Fig. 5) were visibly different from 
the same reactors operated without the addition of soil bacteria (lanes 1 to 8, Fig. 5). This 
indicated the different conditions within reactors selected for different predominant 
population. However, non detection of a taxon in a sample does not mean that it is definitely 
absent from the sample, since it may present at a concentration below the detection limit of 
the molecular technique used (Ayala-del-Rio et al., 2004; Fernandez et al., 1999).  
The banding patterns of the bacterial communities in the samples from the SBR’s seemed to 
be more diverse than those obtained from the CSTR’s (Fig. 5), but the latter appeared to be 
more stable throughout the study (data not shown).  
The DGGE profiles of the putative AOB communities were also affected by the reactor 
operating conditions, suggesting that these had an effect on the structure of the “AOB” 
communities in the reactors (Fig. 6). Overall, the “AOB” communities from the SBR’s were 
distinctly different from those in the CSTR’s, except in the soil addition experiments (lanes 
17 -20, Fig. 6). The DGGE patterns of the putative AOB communities from the SBR’s looked 
very similar, despite the different operating conditions tested. However, the results obtained 
from the visual observation were slightly different from the cluster analysis carried out on the 
DGGE profiles. The basic quantitative comparison between samples using cluster analysis 
indicated that changes in the reactor operating conditions had a bigger effect on the ‘AOB’ 
communities (Fig. 7) than on the bacterial communities (Fig. 8). The “AOB” communities in 
reactor samples operated at different operating conditions were in distinctly different clusters. 
It is tempting to speculate that smaller functional groups are more sensitive to the reactor 
operating conditions which may be important in the performance of the bioreactors. Cluster 
analysis based on the values of the Raup and Crick Similarity Index showed that, for both the 
SBR’s and the CSTR’s, the bacterial communities in replicate reactors were statistically 
similar (Fig.7, SRC > 0.95). Moreover, the communities in the samples from the CSTR’s, the 
soil and the seed were statistically similar amongst themselves (SRC ≥ 0.95), but significantly 
different from the ones in the SBR’s (SRC <0.05). 
 
5. Conclusion 
The following conclusions can be drawn from the present study: 
1. It was possible to change both the diversity of the microbial communities and the 
performance of the laboratory-scale activated sludge reactors (with respect to carbon 
removal and nitrification) by changing operating conditions and reactor formats.  
2. We cannot systematically manipulate the diversity of the microbial communities; this 
failure may reflect imperfections in our understanding or our ability to measure diversity 
or both. 
3.  Batch operation caused a statistically significant increase in the diversity of the microbial 
communities in the reactors and in the overall pollutant removal (with respect to carbon 
removal and nitrification).  
4. Operating the reactors at high OLR enhanced diversity but not performance. 
5. The addition of soil bacteria led to a statistically significant increase in pollutant removal 
in the reactors (with respect to carbon removal and nitrification) but appeared to decrease 
the diversity of the microbial communities in the reactors.  
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Table 1 A half 2
4
 factorial experimental design 
 
Run Type of Operation Carbon source Loading rate
a 
Soil 
1 Batch (-) Glucose (-) 1.2 kg.COD/l/d (-) No soil (-) 
2 Continuous (+) Glucose (-) 2.4 kg.COD/l/d (+) No soil (-) 
3 Batch (-) Complex (+) 2.4 kg.COD/l/d (+) No soil (-) 
4 Continuous (+) Complex (+) 1.2 kg.COD/l/d (-) No Soil (-) 
5 Batch (-) Complex (+) 1.2 kg.COD/l/d (-) Soil (+) 
6 Continuous (+) Complex (+) 2.4 kg.COD/l/d (+) Soil (+) 
7 Batch (-)  Glucose (-) 2.4 kg.COD/l/d (+) Soil (+) 
8 Continuous (+) Glucose (-) 1.2 kg.COD/l/d (-) Soil (+) 
Note: The + and – symbols represent high and low levels of the factors. 
a 
The selected organic 
loading represented the average and high strange of domestic wastewater (600 mg COD/l and 
1200 mg COD/l, respectively). 
 
Table 2 Operating conditions of the lab-scale reactor 
Parameter SBR CSTR 
Laboratory scale reactors set up   
Volume of aeration tank, l 17 17 
Number of reactors (Ø = 0.25 m., Depth = 0.37 m.) 2 2 
Hydraulic Retention Time, d 0.5 0.5 
Solid retention time, d 10 10 
COD of synthetic wastewater ,mg/l 600(1200) 600(1200) 
Set Organic Loading Rate , g COD/l.d 1.2(2.4) 1.2(2.4) 
SBR Cycle   
Number of SBR cycle 4.0  
Duration of each SBR cyclea, hr 6.0  
Duration of static fill, hr 0.3  
Duration of mixing and aeration, hr 4.8  
Duration of sedimentation phase, hr 0.5  
Duration of withdrawal phase, hr 0.3  
Porous pot clarifier   
Recirculation ratio  1.0 
Volume, l  3.0 
Surface area, cm2  942 
Note 
a 
The cycle of SBR was designed to complete carbon removal and nitrification 
 
 
Table 3 Compositions of the working solution of synthetic feed before feeding to the reactors.  
Constituents 
Concentration (mgl
-1
) 
Single carbon source
a 
Complex carbon source
b 
Glucose 600 78.1 
Sucrose - 148 
Lactose - 148 
Fructose - 78.1 
Starch - 12.7 
Peptone 10.0 10.0 
KH2PO4 40.0 40.0 
NH4Cl 153 153 
CaCl2 13.9 13.9 
MnSO4 0.28 0.28 
ZnCl2 0.21 0.21 
CuSO4 0.25 0.25 
MgCl2 36.2 36.2 
 Note: 
a
 adapted from Yu et al., 2004 
        
    b
 the concentration of each sugar used in the complex carbon source is calculated from     
             the equal mole fraction of each sugar to obtain a total COD of 600 mg/l 
 
Table 4 Lists of all the primers used for the PCR reaction, classified according to the 
oligonucleotide probe database (Alm et al., 1996) 
Primer Sequence( from 5’ end to 3’ end) Annealing siteb Reference 
Vr ATTACCGCGGCTGCTGG 518-534 Muzer et al., 1993 
Vfa CCTACGGGAGGCAGCAG 341-357 Muzer et al., 1993 
CTO654r CTAGCYTTGTAGTTTCAAACGC 654-674 Kowalchuk et al., 1997 
CTO189fa GAGRAAAGYAGGGGATCG 189-207 Kowalchuk et al., 1997 
a 
Added GC-clamp (CGCCCGCCGCGCGCGGCGGGGGCGGGGGCACGGGGGG) to the 
forward primers 
 
b
The position on the 16S rRNA gene is represented by comparison to the E.Coli 16S rRNA 
gene sequence  
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        Fig. 1 Schematic diagram of (a)  the SBR reactors and (b) the CSTR reactors  
 Fig. 2 Parameter effects on reactor performances. The absolute values of the effects (the 
vertical axis) indicate the strength of the main effects on the responses. The effects and 
vectors are i) types of feed (blue): glucose (-), complex (+), ii) OLR (brown): low (-), high 
(+), iii) types of reactor (yellow): SBR (-), CSTR (+) and iv) soil (green): no (-), add (+). 
 
 
 
 
 
 Fig. 3 Parameter effects on MLSS and MLVSS. The absolute values of the effects (the 
vertical axis) indicate the strength of the main effects on the responses. The effects and 
vectors are i) types of feed (blue): glucose (-), complex (+), ii) OLR (brown): low (-), high 
(+), iii) types of reactor (yellow): SBR (-), CSTR (+) and iv) soil (green): no (-), add (+). 
 
 
 
 
 
 
 
 
Table 5 The food-to-microorganism (F/M) ratio and COD removal at the different factorial 
runs (Average values with standard deviations).  
 
Run Type of Operation Carbon source Loading rate
 
Soil addition F/M (d
-1
) 
COD removal  
(%) 
1 (-) (-) (-) (-) 0.93±0.10 90.0±1.41 
2 (+) (-) (+) (-) 1.05±0.03 88.5±0.71 
3 (-) (+) (+) (-) 0.51±0.04 93.5±0.71 
4 (+) (+) (-) (-) 0.75±0.11 92.5±0.71 
5 (-) (+) (-) (+) 0.37±0.00 96.5±0.71 
6 (+) (+) (+) (+) 0.83±0.01 90.0±0.00 
7 (-) (-) (+) (+) 0.31±0.04 95.5±0.71 
8 (+) (-) (-) (+) 0.53±0.09 96.0±1.41 
Note: The + and – symbols represent high and low levels of the factors denoted in Table 1.  
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
(b) 
 
Fig. 4. A graphic analysis of main effects of four parameters on (a) number of eubacterial 
bands and (b) number of AOB bands. The effects and vectors are i) types of feed: glucose (-), 
complex (+), ii) OLR: low (-), high (+), iii) types of reactor: SBR (-), CSTR (+) and iv) the 
addition of soil: no (-), add (+) 
  
 
 
 
 Fig. 5 DGGE profile of eubacterial communities at the steady state from eight factorial runs. 
Lanes 1-4: factorials run 1 and 2; 1 and 2 duplicate SBR, 3 and 4 duplicate CSTR. Lanes 5-8: 
factorials run 3 and 4; 5 and 6 duplicate SBR, 7 and 8 duplicate CSTR. Lanes 9-12: factorials 
run 5 and 6; 9 and 10 duplicate SBR, 11 and 12 duplicate CSTR. Lanes 13-16: factorials run 
7 and 8; 13 and 14 duplicate SBR, 15 and 16 duplicate CSTR. Lanes 17-18: sludge from 
Spennymoor STP; 17 for run 1 and 18 for run 4. Lanes 19-20: Soil; 19 for run 3 and 20 for 
run 4. The arrows marked as A, B and C in the DGGE show the bands that appeared from the 
start up period through the steady state. The arrow marked as D show the bands that were 
undetectable in the original feed and soil samples but became some of the most dominant 
members of the sludge community at the steady state. The arrows marked as E and F show 
the band that were detected only in the original sees samples and became undetectable from 
all reactors.  
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 Fig. 6 DGGE profiles of putative AOB communities at the steady state from eight factorial 
runs. Lanes 2-5: factorials run 1 and 2; 2 and 3 duplicate SBR, 4 and 5 duplicate CSTR. 
Lanes 7-10: factorials run 3 and 4; 7 and 8 duplicate SBR, 9 and 10 duplicate CSTR. Lanes 
12-15: factorials run 5 and 6; 12 and 13 duplicate SBR, 14 and 15 duplicate CSTR. Lanes 17-
20: factorials run 7 and 8; 17 and 18 duplicate SBR, 19 and 20 duplicate CSTR. Lanes 22-23: 
Soil; 22 for run 3 and 23 for run 4. Lanes 24-25: sludge from Spennymoor STP; 24 for run 1 
and 25 for run 4. Lanes 1, 6, 11, 16, 21 and 26: Marker. The arrows marked as A, B and C in 
the DGGE show the bands that appeared from the start up period through the steady state. 
The arrows marked as D, E and F show the new bands that appeared at the steady state. 
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Fig. 7A dendrogram showing Raup and Crick similarity between eubacterial communities 
collected from the steady state of each experimental run, bacteria from soil and activated 
sludge from Spennymoor wastewater treatment plant (seed) using index (SRC). SRC value < 
0.05 denotes significant dissimilarity; SRC value > 0.95 denotes significant similarity; 
0.05<SRC value < 0.95 denotes similarity no greater than would be expected by chance. 
 
 
 
 
 
 
 
  
Fig. 8 A dendrogram showing Raup and Crick similarities between the putative AOB 
communities collected from the steady state of each experimental run, bacteria from soil and 
activated sludge from Spennymoor wastewater treatment plant (seed). SRC value < 0.05 
denotes significant dissimilarity; SRC value > 0.95 denotes significant similarity; 0.05<SRC 
value < 0.95 denotes similarity no greater than would be expected by chance. 
 
